Abstract. Dynamic MRR (material removal rate) modeling is constructed and optimum solution through Calculus of Variations in maximize the machining profit of an individual cutting tool under fixed tool life is introduced. The mathematical model is formulated by reverse experiments on an ECOCA PC-3807 CNC lathe, and the electronic circuit is developed using linear regression technique for virtual machining. The inaccuracy between actual and simulated voltage is assured to be within 2%. By introducing a real-world CNC (computerized numerical control) machining case from AirTAC into the virtual system, the simulated cutting forces are shown to promise the feasible applicability of the optimum MRR control. Additionally, the implementation of dynamic solution is experimentally performed on a proposed digital PC-based lathe system. The surface roughness of all machined work-pieces is found to not only stabilize as the tool consumed, but also accomplish the recognized standard for finish turning.
Introduction
Virtual reality (VR) is an emerging technology that aims at generating a perception of reality in a human subject, using devices that not only simulate more than one sense organ and a dynamic model of a real or fictitious environment [1] but also present complex plans to both experts and non-specialist [2, 3] . In a CNC system, the cutting tool is driven to a desired position with guaranteed accuracy and speed according to a programmed command. In other words, they are inclined to be chosen at excessively low values with a view to prevent any physical damage or mechanical chattering of the CNC system, thus resulting in a lowering of machining efficiency.
The MRR is an important control factors of machining operation [4, 5, 6] . As the MRR optimization under fixed tool life for is presented in the previous research [4] , the attention to analyse cutting force economically has become necessary to the field. Since the virtual manufacturing (VM) is a kind of knowledge and computer-based system technology that integrates diverse manufacturing activities under a common umbrella, using VR technology [7] , the interest to analyse the cutting forces prior to realization of the optimum MRR control through electronic circuit is arising. Additionally, many developments of PC-based machining systems have been in progress for the purpose of dynamic MRR control by manipulating feed-rate in accordance with constant depth of cut, a few of which are presented in this paper. Fuh et al. [8] have designed a variable structure system (VSS) controller on CNC turning machines. Rober and Shin [9] have also overridden the programmed feed-rate on the CNC milling machines as well as Kim and Kim [10] on the machining centers. Many case studies can also be found where adaptive control has been applied for the selection of optimal feed-rate [11, 12, 13, 14] . Although the basic objective of adaptive control is to maintain consistent performance of a system in the presence of uncertainty or unknown variation in plant parameters, none of these existing on-line control schemes guarantee to achieve the maximum machining profit.
As a way of command feed-rate transmission, most researches employed the method of driving servo-motor directly to rotate the ball-screw shaft. Such method guaranteed continuous adjustment of feed-rate; nevertheless, it had been pronounced by some practical limitations. In this paper, the virtual machining to analyse the cutting force by the electronic circuit is well proposed and studied. The accuracy between the actual and simulated voltages is guaranteed to be more than 98%. By introducing a real-world CNC machining case, the simulated cutting forces are found to agree the achievability of the theoretical study. To realize the dynamic solution, the control scheme on a commercialized lathe system with DSP (Digital Processor Controller) and a man-machine interface are then developed. Moreover, the real-word industrial machining case is experimentally performed on our proposed digital PC-based lathe system.
Theoretical background
The mathematical modeling and solution of single-tool turning operation under fixed tool life from the previous work are introduced and shown as below [5] . There are two feasible cases to be discussed.
will not touch B before T. The optimal solution [5] for Case 1 is obtained as
Case 2: ) ( * t M ′ will touch B before T. The optimal solution [5] for Case 2 is shown as follows:
Electronic circuit
To analyze the cutting forces before implementation of optimum MRR by virtual machining, the electronic circuit is developed through ECOCA PC-3807 CNC lathe with VERDURE PA-100. Reverse experiments. The Kistler-9001 force sensor is located into tool base of ECOCA PC-3807 CNC lathe. Through the electronic charge amplifier of Kistler type 5007 to the AD/DA card of PCL-816 connecting to TATUNG TCS-5970W-200 PC, the measured forces are exactly collected. The cylindrical part of SC45 is selected for the reverse experiments. Additionally, the TOSHIBA WTJNR2020K16 tool holder and TNMG-160404 UX insert are also utilized for the experiments. Here, a measuring rod of mm 700 14 × ϕ for constant cutting pressure from the turning tool is designed as shown in Fig. 1 . Through the enlarged acting forces, the calibration of the force-sensor equipped tool-base can then be achieved. The actual voltage is collected and recorded by the PC via the Direct Memory Access of AD card with a sampling rate of 100KHz. The experiment is The mathematical model of steady cutting force, Fig. 3 . With the linear regression technique, the constants in the steady cutting force model are found to be Ks = 440.5959 and p = 0.623658. Electronic circuit development. Using the input voltages in the analogue circuit of extraction for square root and multiplying circuits under different cutting depth and feed rate to accomplish the simulating circuit; therefore, the design of voltage adjustable circuit is then employed. Since the value of cutting force c F is relatively large to be expressed by voltage, the inverting amplifying circuit is selected for the cutting force voltage v F . Additionally, a subtract circuit is added to minimize as well as to guarantee the imprecision between actual and simulated voltages to be within 2%. Moreover, the electronic circuit is connected to the PC through 8255 IC. With DAC0800 to manipulate the various voltages for the feed rate f and cutting depth d . The voltage feedback is controlled by ADC0804 to decompose the output voltage of the circuit, and recorded into PC by 8255 IC. The AD/DA interface of the electronic circuit is then developed as shown in Fig. 4 . , the production profit from the dynamic machining model is $45.25 dollars higher than that from the traditional machining model, which has been considered profit competitive through the years of AirTAC's experience. It is shown that the dynamic machining model can significantly maximize the machining profit of an individual cutting tool under fixed tool life.
For the purpose of virtual machining under dynamic MRR optimization, the Visual Basic 6.0 is selected to develop the interface programme. The feed rate and depth of cut are selected as rev mm 08 . 0 and mm 35 . 0 respectively. The simulated result from the proposed electronic circuit is shown as Fig. 5 . It is found that the cutting force tends to be stabilized at Newtons 27 , which is considered low enough to maintain the well-finished surface roughness without chattering.
Implementation
The man-machine interface. A digital-signal-processor-based board was developed to perform the required computations in real time, which is called the Digital Signal Processor (DSP). The PMC32-6000 DSP-based motion control card was designed to provide a powerful computation process. A TI's code composer to develop and debug the DSP hardware is applied, and the NI's Labview is selected as the interface. The MATLAB is utilized to plot the experimental results. According to the experimental data, the control and compensate strategy is thus analyzed, revised, and evaluated. The DSP processor on the mother board is a TMS320C31 with 1 Mbyte of SRAM. The mother board has eight independent analog-to-digital converters (each with 12-bit resolution) with a programmable sampling frequency up to 50 KHz. The unique architecture is designed so that when the instant the sampling interrupt occurs, all eight input values have been converted and can be read simultaneously by all DSPs. The PMC32-6000 has six totally independent analog output ports, each with 12-bit resolution. In this manner, the computation and communication power can be tailored to individual applications. The man-machine programming interface providing the operator to set machining parameters of the turning process in the spindle rate as well as the feed forward speed is shown in Fig. 6 .
Figure 5: The simulated cutting forces
Results and discussion A desk-top lathe control system is established, the federate is generated by the servo-drive which controls the servo-motor, and the spindle speed is controlled by the inverter. respectively. The surface roughness of all thirty-three finished work-pieces under the digital lathe system is plotted as Fig. 7 .
In Fig. 8 , the growing rate of surface roughness decelerates and stabilizes as the tool life consumed. Besides, it is also found that the surface roughness of machined work-pieces is found to be within m 9 .
2 µ which satisfactorily matches the recognized standard for finish turning. With the experimental result, the adaptability and applicability of the dynamic machining model are guaranteed. 
Concluding remarks
The mathematical modeling of optimum MRR through Calculus of Variations to maximize the machining profit of a cutting tool under fixed tool life are introduced in this paper. For analysing cutting forces before implementation, the electronic circuit from reverse experiments is well developed for virtual machining. The accuracy between actual voltage and simulated voltage is guaranteed to be more than 98%. By analyzing the cutting force of a real-world case from AirTAC, the simulated cutting force is found to promise the surface roughness as well as the applicability of the optimum MRR control. To realize the dynamic MRR control, the implementation is moreover experimentally functioned on a digital controlled PC-based lathe system. It is shown that the machined parts are all within a surface roughness of m 9 .
2 µ . This paper definitely not only contributes the economical approach for virtual machining, but also develops the realization of digital PC-based lathe system for the optimum MRR with profound insight.
